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Abstract 
Adsorption behavior of the anionic collector salicyl hydroxamic acid (SHA) on a group of 
selected rare earth phosphates (REPs) was studied by means of experimental methods and 
modeling software. These REPs were then compared to rare earth carbonates (RECs) and rare 
earth oxides (REOs) to develop a trend. A suite of rare earth elements (REE) were studied that 
included light (LREE) and middle (MREE).  Results for heavy (HREE) were inferred. Synthetic 
phosphate, oxide and carbonate powders of the rare earth elements Lanthanum (La), Cerium 
(Ce), Europium (Eu) and Dysprosium (Dy) were tested for these studies. Dysprosium phosphate 
was the only REE that was synthesized in the lab for further testing. The studies were conducted 
at a range of pH levels to mimic commercial flotation processes and to optimize recovery 
parameters involving the collector SHA. Differences in adsorption behavior between LREE, and 
MREE as well as HREE are attributed to solution chemistry, coordination number and REE-
ionic diameter. SHA adsorption follows an ion-exchange process that leads to chemisorbed or 
surface precipitated states, depending on atomic spacing and pH level. These effects are strongly 
attributed to lanthanide contraction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Adsorption, Salicyl hydroxamic acid, Rare earth phosphates, Flotation, Lanthanide 
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1. Introduction 
Rare earth elements (REEs) are a group of 17 elements on the periodic table. They 
include the 15 lanthanide elements along with yttrium and scandium. REEs have garnered much 
attention in recent years due to their chemical properties and uses in electronics, magnetics, 
batteries and filtration systems. Demand for REEs has increased along with the development of 
extraction methods for their separation. Categorization of REEs is according to their atomic 
weight and can be classified as either light rare earth elements (LREEs), middle rare earth 
elements (MREEs), or heavy rare earth elements (HREEs). REEs are relatively abundant in the 
earth’s crust. REEs earned their name because of their presence in dilute amounts but also 
because they are difficult to separate due to their similar chemical and physical properties they 
share. Rare earth complexity and difficulty in extraction is further complicated as rare-earth 
minerals (REMs) are usually comprised of more than one rare earth element. REMs can be found 
in the form of oxides (REOs), carbonates (RECs), phosphates (REPs) and silicates (RESs). The 
most common being bastnaesite [(Ce,La,Y)CO3F], xenotime [(Y,Dy,Yb,Er,Gd)PO4], and 
monazite [(Ce,La,Nd)PO4] (Anderson, 2015). Xenotime and monazite are both phosphates, 
while bastnaesite is a fluorocarbonate.  
REMs are predominantly extracted using a beneficiation process called froth flotation. 
Froth flotation is a hydrometallurgical method that involves surface chemistry alteration of a 
desired mineral in order to separate it from an unwanted material based on differences in 
hydrophobicity. The process is performed in a flotation cell, where the ore is present as fine 
particles in a slurry. Reagents are added to assist in flotation and to help render the wanted 
material more hydrophobic and the undesired material more hydrophilic. Agitation of the system 
is done to keep the particles from settling but also to assure they collide with bubbles injected 
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into the flotation cell. The hydrophobic particles attach to the air bubbles and float to the top 
creating a froth. The froth is collected as the concentrate and the hydrophilic particles remain in 
the slurry and become the tailings.  
Flotation recovery crucially depends on a number of solution chemistry factors. These 
factors have been studied for over a century in order to improve flotation for recovery of 
minerals. These factors are numerous and include, for examples, collector type and 
concentration, frother type and concentration, modifier type and concentration, pH, EH or redox 
potential, and ion strength. Physical parameters are also plenty and include, for examples, 
particle size, % solids, air flow rate, slurry flow rate, temperature, flotation cell type, froth depth, 
bubble size, and air type. Because collectors induce hydrophobicity by adsorbing at valuable 
mineral surfaces, many consider collector type and concentration as the most important factor.  
Collector types themselves are many. Broadly speaking, they contain sulfur, oxygen, 
nitrogen and/or phosphate functionalities. Sulfur-containing collectors are more commonly 
called thiols and include xanthates used for sulfide mineral flotation. The most commonly used is 
potassium ethyl xanthate also known as KEX. Carboxylates are the most common collectors with 
oxygen functionalities and are most commonly used for the flotation of oxides, silicates and 
semi-soluble salts. The fatty acid collectors, as exemplified by oleic acid, are almost universally 
used. Amines are derived from ammonia and are predominantly used for floating oxides, 
silicates, semi-soluble salts, and soluble salts. Dodecyl-amine-chloride is likely the most 
commonly used. Finally, phosphate collectors are used for sulfide minerals but are typically used 
with xanthates and not alone. The best example is diethyl-dithio phosphate. (Anderson, 2015; 
Natarajan, R., 1983; Pavez, O., 1983; Pradip, & Fuerstenau, 1983 & 1991; Xia, L., 2014; Zhang, 
W., 2017; Zhao, G., 2013). It is important to point out that, for the past several decades, modern 
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technology has allowed novel collectors to be developed. These include mixed functionalities 
and include but are not limited to hydroxamates.  
In industrial settings, collector dosages are determined in unit weight of collector per unit 
weight of ore. Amounts vary but will typically range from 0.1-0.5 pounds per ton. While this 
range depends on the factors named earlier, mainly particle size and % solids, they generally 
equate to solution concentrations of 1x10-5 to 1x10-4 M. However, following adsorption, surface 
concentrations, expressed as adsorption density, will commonly range from 1x10-10 to 1x10-9 
mol/m2.  
Adsorption Density can be used as a tool for determining how collectors adsorb. Low 
adsorption densities often correlate to physisorption or chemisorption. Physisorption refers to 
adsorption of a collector oppositely charged to the surface; whereas, chemisorption results when 
a collector forms a chemical bond with a surface atom in the crystal lattice of the mineral. High 
adsorption densities commonly occur with surface precipitation and colloid adsorption. Surface 
precipitation occurs when a surface atom solubilizes but reacts with collector to form a 
precipitate at the mineral surface. Colloid adsorption occurs in high salt concentrations (brines) 
often encountered in soluble salt solutions. The colloids are charged and simply adsorb to an 
oppositely charged surface.  
The objectives of this study are four-fold. First is to analyze the extent of adsorption for 
the collector salicyl hydroxamic acid (SHA) at the surfaces of selected REPs. Second is to 
compare the results to REOs and RECs as determined in a previous study (Galt, 2017). Third is 
to identify trends, discrepancies, and similarities in behavior and thereby determine how SHA 
adsorbs. Finally, fourth is to calculate speciation diagrams in the absence and presence of SHA 
to identify pH conditions where REM flotation would be best. 
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2. Literature Review  
2.1. Rare Earth Elements (REEs) 
2.1.1. Background  
Rare earth elements (REEs) consist of the 15 lanthanides, lanthanum (La), cerium (Ce), 
praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), 
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), 
ytterbium (Yb) and lutetium (Lu) as well as scandium (Sc) and yttrium (Y). See Figure 1. 
Scandium and yttrium are considered REEs because they are commonly found in ore deposits 
with the lanthanide series and they also share similar chemical and physical characteristics. All 
occur naturally except promethium which is the only radioactive REE. As already noted, these 
elements are classified as LREEs, MREEs, and HREEs (Gupta and Krishnamurthy 2005).  
 
 
 
Figure 1. Periodic Table illustrating LREE, MREE and HREE 
 
 
 LREE are comprised of the elements lanthanum through promethium, MREE are 
comprised of samarium through dysprosium, and HREE are comprised of holmium through 
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lutetium. Yttrium is also considered “heavy” as it behaves similar to the heavy lanthanides. 
Scandium is not classified as either heavy, medium or light.  
 REEs are most often found as rare earth carbonates (RECs), rare earth phosphates (REPs) 
and rare earth silicates (RESs) but can also exist as rare earth oxides (REOs). Usually, they are 
comprised of at least two REEs and often with other elements, forming solid solutions of 
nonstoichiometric minerals with variable purity due to lattice substitutions. Examples include:  
 RECs: bastnaesite [(Ce,La,Y)CO3F] and parasite [(Ce,La,Nd)2Ca(CO3)3F2]; 
 REPs: xenotime [(Y,Dy,Yb,Er,Gd)PO4] and monazite [(Ce,La,Nd)PO4]; 
 RESs: allanite [(Ce,La,Y,Ca)2(Al,Fe)3(SiO4)3OH] and gadolinite 
  [(Ce,La,Nd,Y)2FeBe2Si2O10]; and 
 REOs: loparite [(Ce,Ca,Sr,Na)2(Ti,Ta,Nb)2O6] and knopite [(Ce,Ca,Na)(Ti,Fe)O3)]. 
Groupings of these common REEs are, as a result, likely to lead to variable metallurgical 
performance with inconsistent recovery and grade by flotation and other types of processing. 
REEs are more abundant than their name suggests. In fact some are quite abundant. 
“Rare” is a misnomer, referring to the fact that REEs are rarely found in concentrated and 
exploitable deposits. As shown in Figure 2, REEs are nearly equivalent to the combined 
abundance of five of the more common base metals: Copper, Nickel, Zinc, Cobalt and Lead 
(Haxel, Hedrick, & Orris, 2005). Unique chemical and physical properties that REEs share with 
each other make them difficult to separate from one another and have therefore increased the 
industrial demand for viable extraction methods (Alonso, et al., 2012). A significant property of 
REE is a phenomenon known as the “Lanthanide Contraction” (See Figure 3). Lanthanide 
contraction contributes many of the chemical and physical properties that REEs possess. 
Lanthanide contraction plays a role in explaining the many properties of the lanthanide series 
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including electronegativity, ionic radius, basic nature, density, ionization potential, color and 
magnetic properties. 
 
 
Figure 2. Abundance of REEs 
 
  
 
 
Figure 3. Lanthanide Contraction 
 
 
  This phenomenon is specific to the lanthanides, not Y and Sc. As they increase in atomic 
weight they decrease in size. The decrease in size is sudden and larger than expected, making the 
lanthanides similar in size to the third transition elements. Lanthanides decrease in size due to 
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insufficient shielding of the atomic nucleus. Due to the 5s, 5p and 6s orbitals invading the 4f 
orbital, the 4f orbital contracts decreasing the atomic radii of the whole atom.  This is specific to 
the lanthanides as the 4f orbital is beginning to fill and is filled by the end of the series (Gupta 
and Krishnamurthy 2005). Contradictory, the decrease in size across the series is constant and 
smaller than expected. This trend in the series keeps the ionic radius close to each other, but 
contains a big enough change to be relevant in this study. The close ionic diameters also explain 
the difficulty in extraction as their sizes contribute to their similar chemical and physical 
characteristics. As the size decreases, the density increases across the series. Lanthanide 
Contraction also results in a corresponding increase of polarizing power of the ions as the atomic 
radii decreases. Continual increase in polarizing power results in making hydroxides and oxides 
less and less basic across the lanthanides (Anderson, 2015). Ionization potential and 
electronegativity remain fairly constant across the series, unlike the rest of the periodic table.  
Lanthanide contraction is a significant influencer in the difficulty of separating REEs 
from each other. Another influencer of the lanthanide series is coordination number. REE size 
depends on the REM type (i.e., REO, REP and REC) but is controlled by its coordination 
number. Coordination number illustrates the number of neighboring atoms that the central REE 
atom bonds with. This value is dependent upon the size of the central REE atom, ligands and the 
charge of the electronic configuration (Chunhui, H., 2010). It is defined by the number of atoms 
bound to the central atom, not the number of chemical bonds. Coordination number generally 
ranges anywhere from 2 to 14. RECs have coordination numbers of 10-11, REPs have 
coordination numbers of 8-9, and REOs have coordination numbers of 6-7. Coordination number 
along with the lanthanide contraction affects the size of their corresponding REO, REC and REP 
minerals. As will be explained later, this will greatly impact the results of this study.  
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2.1.2. Significance  
Demand for REEs has increased over the years due to their uses in technology, energy 
and industrial advances. Hundreds of applications of REEs have been found and continue to 
grow. REEs uses in televisions, computers, magnets, batteries, aerospace, cancer treatment drugs 
and alternate fuel sources are just some of the ever growing examples. Specific uses for each 
REE are listed in Figure 4 (Guntherody, Hauser & Kunzi, 1974; Liu, 1960; Caravan, 1990). 
 
 
 
Figure 4. REE Uses in both Military and Civilian Purposes 
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 REE production is predominantly supplied by China. China has been seen to produce 
90% of the world’s REEs, further more increasing the need for viable extraction methods. China 
was the highest REE producer in 2017, putting out 105,000 MT (Williams, 2018).  The European 
commission has labeled REEs as the most critical raw materials group because of the increasing 
dependency on China for the REE supply (Binnemans, et al., 2013). REEs have been deemed 
critical materials because supply is predominated by imports from risky sources resulting in an 
increased need for improved and viable domestic mineral processing and extractive metallurgy 
production, particularly froth flotation. 
 Since 2015, when the Mountain Pass Mine in California suspended operations, the U.S. 
hasn’t had REE mining. However, the REE reserves in the United States are extremely high and 
are reported to be about 1.4 million MT (Williams, 2018). In 2017, the U.S. imported roughly 
$150 million worth of REEs for the uses illustrated in Figure 4. It is getting more and more 
crucial to obtain viable extraction for our country’s own reserves and for their use in a clean 
energy economy.  
 A market for secondary sources and recycling of REEs is also being sought. Only about 
1% of REE are recycled from end products. Many are simply disregarded as waste due to the 
level of difficulty in extractive recycling. High potential of recycling REEs from permanent 
magnets, fluorescent lamps, batteries and catalysts through the expansion of further research is 
also present (Binnamas, 2013). 
2.2. Flotation  
2.2.1. Overview 
As mentioned in the Introduction, improved and viable method of REM separation is 
froth flotation, a beneficiation process that is simply referred to as flotation. Flotation is used to 
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process approximately 50% of the world’s ore commodities to make concentrate or 
preconcentrate (LaDouceur, 2018). Froth Flotation is practiced in China for various REM ores, 
often in conjunction with other processes, such as the Bayan Obo operations in Inner Mongolia, 
Mianning Mine in Sichuan, and Weishan facilities in Shandong. 
Flotation is a physicio-chemical process that is based on differences in hydrophobicity 
and used to separate minerals in a slurry of finely ground ore. (Trant et al., 2018). The mineral 
processing technique utilizes differences in surface chemical properties. Slurried ore is processed 
in a cell where agitation occurs. Typically, the desired (valuable) minerals are rendered 
hydrophobic and the gangue (waste) minerals are made hydrophilic. The process requires a gas, 
normally air, to be injected into the slurry to form bubbles that attach to the hydrophobic 
minerals that then float into a froth phase and are scraped into a launder forming a concentrate. 
Hydrophilic gangue minerals remain in the slurry and are eventually discarded as tailings. 
Flotation requires numerous parameters to be controlled, depending on the type of 
material being floated. Hydrophobicity of the desired mineral is a critical parameter that can be 
adjusted with the addition of reagents. Reagents that are added enhance the desired minerals 
hydrophobicity and make flotation and extraction feasible. Successful recovery of the selected 
mineral depends largely on attachment and entrainment of the air bubbles and the selected 
mineral (LaDouceur, 2018).  
2.2.2. Influential Components  
2.2.2.1. Flotation Reagents 
A variety of reagents are used in froth flotation to promote selectivity and aid in the 
separation process. In this regard, collectors, frothers, depressants, activators and modifiers were 
discussed earlier. Collectors adsorb on to a minerals surface and render that mineral more 
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hydrophobic. Salicyl hydroxamic acid (SHA) is a collector and is the main component being 
explored in this study but will not be discussed in detail until later. Frothers help stimulate and 
stabilize the bubble activity in the system, thus helping in the selectivity of the process and the 
overall effectiveness. Depressants are used to prevent collector adsorption of the unwanted 
gangue. Depressants allow the gangue material to remain hydrophilic and not report to the froth. 
Modifiers can come as both activators and depressants, but generally are used to control pH and 
the surface charge. 
2.2.2.2. Collector Adsorption 
Collectors induce hydrophobicity at the mineral surface through their adsorption. 
Collectors are heteropolar molecules. Consisting of an inorganic polar head group and an inert 
organic nonpolar tail. The inorganic polar head group can be either negatively or positively 
charged depending on the mineral surface. Hydrophobicity is exhibited by the tail to necessarily 
attach itself to the air bubbles and be collected in the froth (Wills, 2006). 
Collectors adsorb on to a minerals surface via four mechanisms: chemisorption, 
physisorption, surface precipitation and colloid adsorption. As mentioned already, only three are 
relevant in this study: chemisorption, physisorption and surface precipitation. Chemisorption 
occurs when a chemical bond occurs between the collector and the surface of the mineral. 
Chemical bonds can be either covalent or ionic. Chemisorption is the desired mechanism because 
it alters the structure of the adsorbent surface, therefore making the bond irreversible. This 
mechanism results in higher flotation recoveries. Physisorption involves a weaker interaction 
between the collector and the mineral surface due to van der Waals coulombic forces. Forces 
from this mechanism allow the structure of the adsorbent surface (the collector) to remain intact 
and unaltered. Physisorption predominates when the collector is oppositely charged from the 
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surface of the mineral being collected. Physisorption is less desired because of the weaker 
interaction. Both chemisorption and physisorption may react at the surface of the mineral 
through ion exchange and never exceed a monolayer. Surface precipitation occurs when the 
mineral possesses some degree of solubility allowing the collector to precipitate at the surface. 
With surface precipitation, adsorption usually exceeds a monolayer. 
2.2.2.3. Solution pH 
Solution pH is a vital parameter in flotation and selective recovery of valuable materials. 
Ores may be either alkaline or acidic, and it is necessary to determine the pH of the system to 
have proper control. Generally, pH is measured by a pH meter. Some materials will not float, for 
example, in alkaline conditions and vice versa. Industrially, the pH can be controlled using 
slaked lime, quick lime, caustic soda and soda ash as well as sulfuric acid, hydrochloric acid, and 
nitric acid. In the laboratory setting, pH was controlled using NaOH and HCl and are referred to 
as pH modifiers. Undesired and desired material can be either depressed or activated using pH 
modifiers. The pH of a system can affect the way a particular collector adsorbs onto a minerals 
surface. For this reason, a variety of pH levels were explored in this study to better replicate 
industrial flotation and to also determine optimal pH range for REM flotation. Optimal pH range 
can also be thermodynamically derived using StabCal. 
2.2.3. REM Flotation 
Primary focus on the flotation of REMs has been done on bastnaesite and monazite. 
Bastnaesite is the primary REM at two of the world’s largest REE mines. These mines are the 
Mountain Pass in California and Bayan Obo in China. Monazite is a phosphate and the second 
most prevalent source of REEs. REM flotation has been studied previously using the collectors: 
fatty acids and alkyl hydroxamates. Typically, the choice of collector in the past due to low cost, 
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has been fatty acids. Fatty acids, however, are unselective on their own and require depressants. 
Pradip and Fuerstenau began studying the flotation of bastnaesite in the 1980’s and lead to the 
use of alkyl hydroxamates as the collector of choice in flotation. Increasing the temperature with 
the use of these collectors was also suggested in these studies. An increase in temperature of the 
system increased the selectivity of the collector and therefore the overall recovery of the REEs.  
2.2.4. Salicy Hydroxamic Acid (SHA) 
Salicy hydroxamic acid is an anionic collector used specifically in this study. SHA 
belongs to the group of hydroxamic acids containing a charge of -1 (Chatterjee, 1978), a molar 
mass of 153.14 g/mol, and a chemical formula consisting of C7H7NO3. Figure 5 shows the 
molecular structure of SHA created using Spartan STO-3G computational chemistry software. 
As indicated, the hyrdoxamate head group has a spacing of 2.42 Å between the two illustrated 
oxygen atoms. Its structure consists of a double bonded oxygen and two open hydroxyl groups 
with coordinating oxygen and nitrogen atoms on a benzene ring as a cyclic non polar tail; thus, it 
does not possess a straight or branched tail like typical collectors and can only oscillate, which 
causes the collector to behave the same at room and elevated temperature.  This is unique! 
  
 
 
Figure 5. Molecular Structure of SHA and Head Group spacing 
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3. Experimental Design  
Pure phosphate powders of the REEs, lanthanum, cerium, europium and dysprosium, 
were studied to analyze adsorption kinetics of SHA at their surfaces. Lanthanum, cerium, 
europium and SHA powders were obtained from Alfa Aesar with purity levels of 99.9%. 
Dysprosium phosphate was unavailable and synthesized from dysprosium oxide and phosphoric 
acid. Multiple techniques and software programs were used to establish adsorption behavior at 
each of REP surfaces. 
3.1. Equilibrium Studies  
3.1.1. Background 
Equilibrium studies were carried out at ranging pH levels of 8, 9, 10 and 11 to monitor 
the adsorption on the surface of each REP. Tests measured the amount of collector, SHA, in 
solution as a function of time. Final adsorption points illustrate the effectiveness of the collector 
and the amount of adsorption yielded. Use of an ultraviolet-visible (UV-Vis) spectrometer shown 
in Figure 6 was employed to measure the concentration of SHA in solution with the REP. 
 
 
Figure 6. UV/Vis Spectrometer for Absorbance Measurements of SHA in REMs 
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3.1.2. Setup  
Equilibrium studies were carried out at room temperature near roughly 20 °C. Powder 
forms of SHA and REPs in the form of lanthanum, cerium, europium and dysprosium were used 
for the tests. The tests were carried out at pH 8, 9, 10 and 11 as done in commercial flotation 
processes and were operated with a volume of 200 mL, 2 grams of REP, and a SHA 
concentration near 5 x 10-4 molarity (M). The mass of SHA was calculated using these operation 
parameters: 
5𝑥𝑥10−4𝑀𝑀 ∗ 0.2 𝐿𝐿 ∗  153.14𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚
= 0.0153 𝑔𝑔 𝑆𝑆𝑆𝑆𝑆𝑆 Equation 1  
where the molecular weight of SHA is 153.14g per mole.  
First, 200 mL of deionized water was placed into a beaker and adjusted to the desired pH 
using sodium hydroxide (NaOH) tablets to allow the volume to remain the same. Hydrochloric 
acid (HCl) was used only as needed to bring the alkaline pH back down in the cases of too much 
NaOH being used. Next, REM and SHA were weighed out. Desired amounts of SHA were then 
added and allowed to dissolve for 20 minutes reaching a homogenous mixture. SHA is mildly 
acidic, and an additional readjustment of the pH was often needed.  
Once the SHA solution has reached a desired pH, an initial absorbance reading was then 
collected. Absorbance readings were taken using the VWR UV-Vis 3100 PC instrument. First a 
5-mL sample of the SHA solution was taken using a 10-mL disposable syringe. A 5-micron filter 
was then attached to the syringe for filtering before distributing into a smaller beaker. The 5-mL 
solution was then mixed with 10-mL of a premixed ferric perchlorate solution. Solutions of the 
two, when mixed together, produced a purple hue. The intensity of the purple hue had a direct 
correlation to the amount of SHA in solution. Likewise, when the SHA in solution decreased, the 
purple hue lightened.  
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Figure 7. SHA Solution without Ferric Perchlorate (left) and SHA Solution with Ferric Perchlorate (right) 
 
 
 
 
 
Figure 8. Quartz Cuvette being placed inside the UV-Vis  
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A small portion of the purple solution was then placed into a quartz cuvette as shown in 
Figure 8. The cuvette was then placed inside the UV-Vis instrument and the absorbance reading 
was taken. Absorbance readings are then incorporated in a variation of Beer’s Law using the 
molar absorptivity of SHA: 
𝑦𝑦 = 𝑥𝑥 + 0.0195312.33  Equation 2  
where y is the concentration in moles/liter, x is the absorbance measurement taken, and 312.33 is 
the molar absorptivity of SHA. Beer’s law is a physical law stating that the quantity of light 
absorbed by a substance dissolved in a nonabsorbing solvent is directly proportional to the 
concentration of the substance and the path length of the light through the solution. Using the 
proportionality approach, unknown concentrations can be calculated. 
After the initial concentration reading was taken, the REP can be added into the original, 
200 mL SHA solution. Again, 5 mL samples were extracted, filtered and mixed with 10-mL 
ferric perchlorate to be read in the UV-Vis. Readings were taken sequentially to measure and 
observe the collector concentration with time. This procedure was done within the first minute of 
adding REP then roughly every 15 to 30 minutes depending on how fast the adsorption of SHA 
onto the REP surface. Ending the procedure when the amount of SHA left in solution stabilized 
and no longer changed. 
3.1.3. Ferric Perchlorate Solution 
Ferric perchlorate solution was produced in the lab comprising of 10 mL of iron 
perchlorate, 35 mL of perchloric acid and 455 mL ethanol. Minimizing and neutralizing the 
exothermic reactions that take place, the solution was mixed in an ice bath. The resulting 
solution will be yellow as shown in Figure 9. The process of using this ferric perchlorate solution 
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with the collector SHA was adopted from a study by Natarajan and Fuerstenau (1983) involving 
octyl hydroxamic acid (OHA) and ferric perchlorate.  
 
 
Figure 9. Ferric Perchloric Solution used in Equilibrium Studies 
 
3.1.4. SHA Molar Absorptivity  
 The molar absorptivity of SHA was determined in order to calculate the unknown 
concentration of SHA left in solution. As noted earlier, this is done with a variation of Beer’s 
Law. An experimentally derived equation was produced using 5 different concentrations of SHA 
solutions and then plotting their absorbance measurements versus their concentrations. The slope 
of the linear relationship is equivalent to the molar absorptivity. 
 First, 0.005 g of SHA was weighed out for 5 sets of samples. Each of the 5 samples 
containing the same amount of SHA, but ranging dilutions of deionized water. Dilutions in 
samples 1 through 5 were: 0.03 L, 0.06 L, 0.09 L, 0.12 L, and 0.15 L. Absorbance measurements 
were then taken using the same standard procedure. SHA solution was extracted in the amount of 
5-mL from the first sample, filtered with a 5-micron filter, and mixed with 10-mL perchloric acid 
producing a purple solution. A portion of the purple solution was then placed into a quartz 
19 
cuvette and placed inside the UV-Vis spectrometer. Absorbance measurements were then taken. 
All 5 samples were repeated in this way. Concentrations of samples 1 through 5 were then 
calculated using this equation: 
𝐶𝐶 =  𝑆𝑆𝑆𝑆𝑆𝑆 𝑔𝑔(𝑀𝑀𝑀𝑀)(𝐿𝐿) Equation 3  
where C is the concentration in each sample in mg/L, SHA is the amount of SHA in grams used, 
MW is the molecular weight of SHA and L is the amount of distilled water used in liters of each 
sample. Concentrations of samples 1 through 5 can then be plotted using Excel with the 
absorbance readings taken from the UV-Vis. 
  Absorbance and concentrations were plotted using Excel to produce a linear correlation. 
A linear equation was determined for the line, resulting in the molar absorptivity shown in 
Equation 2. Thus, the equation was then used to calculate the SHA concentrations in all 
equilibrium studies involving lanthanum, cerium, europium and dysprosium phosphate. 
Periodically, this calibration procedure was repeated to make sure everything was constant. 
3.2. Synthesizing Dysprosium Phosphate 
Synthesizing of dysprosium phosphate was deemed necessary when found to be 
unavailable for purchase. Dysprosium phosphate was synthesized using the dysprosium oxide 
powder from Alfa Aesar with purity levels of 99.9% and phosphoric acid. A 500 mL Erlenmeyer 
flask was used. 200-mL of distilled water was placed in the flask while stirring in 2 grams of 
dysprosium oxide slowly, to avoid agglomeration. 65-mL of phosphoric acid was added next. 
Stirring the solution until the dysprosium oxide fully dissolved in solution. A round bottom flask 
and a heating mantle were then used to heat the solution along with a condenser. Heating of the 
system occurred for two hours forming a precipitate. Using a filtration system, the solution was 
filtered out and the precipitate saved and dried for further analysis.  
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3.3. Adsorption Density Studies and BET  
Surface areas were obtained using a Quantachrome BET analyzer. BET stands for 
Brunauer, Emmett and Teller. Using this analyzer, the specific surface area can be measured in 
m2/g using BET theory, which explains the physical adsorption of gas molecules on a solid 
surface. The BET analyzer uses a continuous flow procedure of nitrogen gas. At the surface of 
the particles, nitrogen gas condenses out as a monolayer. The amount of gas condensed onto the 
surface is equal to the surface area based on a concept that is an extension of the Langmuir 
adsorption theory. Surface areas obtained from the BET analyzer were used for the purpose of 
adsorption density studies.  
Adsorption density studies were conducted to explore an adsorption mechanism between 
the REM and the collector SHA. Adsorption density is a measure of the amount of SHA 
adsorbed onto the surface. Adsorption density denoted as г, was calculated in moles/cm2: 
г =  𝑉𝑉 (𝐿𝐿)
𝑀𝑀𝑀𝑀 �𝑚𝑚𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚� ∗ 𝑆𝑆 �𝑐𝑐𝑚𝑚2𝑔𝑔 � ∗ 𝑅𝑅𝑅𝑅𝑀𝑀 (𝑔𝑔) ∗ (𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶) Equation 4  
where Ci and Cf  respectively denote initial and final concentrations in mg/liter, V denotes the 
volume in liters, A denotes the surface area in cm2/g of the REM, MW denotes the molecular 
weight of SHA in mg/mol, and REM denotes the weight of the REM used. Measured 
concentrations were taken from the equilibrium studies done, where Ci is the initial reading of 
SHA in the system without the addition of the REM. Additional measurements from the 
equilibrium studies were subtracted from this initial concentration value of 5x10-4 M SHA and 
multiplied by original 200-mL volume. This technique is called solution depletion. Calculated 
adsorption densities were then graphed to model the appearance of SHA onto the REM surface 
as a function of time. 
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3.4. StabCal Solubility Curves 
Thermodynamic software, StabCal, was used for stability diagram calculations. 
Developed by Dr. Hsin Huang (2016) at Montana Tech, it was utilized to theoretically estimate 
the optimal pH ranges for floating selective REPs using SHA. Solubility curves were developed 
for these REPs with and without the presence of SHA to observe the effects of SHA on the REP 
systems. Comparison of the phosphate solubility curves to their respective carbonates and 
identifying where solid states overlap could indicate whether or not carbonation of the 
phosphates occurs as the collector adsorbs on the REP surface. Thermodynamic Data was 
extracted from the software’s LLNL database to construct the necessary plots. Information from 
this database is specific to aqueous systems for REEs. Stability constants for the trivalent REE 
cations with SHA were taken from Liu et al. (1989) and incorporated into the software to 
calculate free energies of species formed in the following reactions: 
𝑅𝑅3+ +  𝑆𝑆𝑆𝑆𝑆𝑆− →  𝑅𝑅(𝑆𝑆𝑆𝑆𝑆𝑆)2+ Equation 5 
𝑅𝑅3+ +  2𝑆𝑆𝑆𝑆𝑆𝑆− →  𝑅𝑅(𝑆𝑆𝑆𝑆𝑆𝑆)2+ Equation 6  
𝑅𝑅3+ +  3𝑆𝑆𝑆𝑆𝑆𝑆− →  𝑅𝑅(𝑆𝑆𝑆𝑆𝑆𝑆)3 Equation 7  
where R represents the REE and SHA represents the collector SHA. Free energy values were 
then calculated in StabCal based on the Van’t Hoff reaction isotherm: 
∆𝐺𝐺𝑅𝑅
° = 𝑅𝑅𝑅𝑅𝑚𝑚𝑅𝑅𝑅𝑅 Equation 8 
 
where ∆𝐺𝐺𝑅𝑅°  is the standard free energy of reaction, R is the gas constant equating to 1.987 
cal/mol-K, T is the temperature at 298.15 Kelvin, and K is the equilibrium constant for any given 
reaction.  
Stability constants illustrate the strength of the bond between the REE and the collector 
SHA, providing the means to calculate concentrations of the SHA complexes in solution. 
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Solubility plots could then be developed by selecting the appropriate database in the StabCal 
software to import the correct thermodynamic data and defining a set of parameters. Parameters 
included the number of components, excluding oxygen and hydrogen, and including the valence 
and concentration of each component. For any REP system, the components included REE type, 
phosphate and SHA. SHA is represented as “Ob” in the StabCal software. Mass input for the 
REP was entered as 0.001 mol/L, while the SHA mass input was 0.00001 mol/L. Total number 
of imported species from the LLNL database are also recorded in the software plot. It should be 
acknowledged that all solubility plots and predictions are based on solution speciation, and 
values for REE(SHA)3 surface precipitation could not be procured.  
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4. Results and Discussion  
A series of equilibrium tests were performed to analyze the adsorption mechanism of the 
anionic collector SHA and a group of selected REPs: lanthanum (La), cerium (Ce), europium 
(Eu) and dysprosium (Dy). These same elements were then compared to the results of 
equilibrium studies in their oxide and carbonate forms (Galt, 2017). Collector depletion from 
solution onto the REE surface was measured in relation to time and the adsorption of SHA. 
Solution depletion data was then uniformly converted into adsorption density using the 
calculated surface area from the BET studies. The adsorption density studies allowed for vital 
stipulations to be confirmed. 
4.1. Equilibrium Studies 
4.1.1. Rare Earth Phosphates (REPs) 
SHA adsorption on REOs, RECs and REPs for several REEs was examined based on 
solution depletion analysis. The data for REOs and RECs come from a previous study (Galt, 
2017) but results were not converted to adsorption density until this study. Results for the change 
in SHA concentration as a function of time for lanthanum (La), cerium (Ce), europium (Eu) and 
dysprosium (Dy) are presented. It is understood that La and Ce are classified as LREEs, and Eu 
and Dy as MREEs.  Hence, it is unfortunate that no HREEs were examined in this study but they 
were too expensive for purchase. The studies shown below illustrate that adsorption kinetics are 
dependent on the REM size and coordination number as well as pH. 
Results of SHA adsorption on lanthanum phosphate are shown in Figure 10. SHA 
adsorption is significantly low and is likely due to chemisorption only.  Furthermore, equilibrium 
is reached in approximately 2 hours. After this time, the REP at the lower pH conditions shows 
SHA desorbing, a phenomenon that is attributed to surface carbonation due to the equilibrium of 
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carbonate (CO32-) with carbon dioxide (CO2) as testing was conducted in open air. Sime (2018) 
suggested that SHA adsorption likely was attributed to an ion exchange mechanism that lead to 
chemisorption and or surface precipitation. His crystal lattice models also suggest SHA would 
adsorb both ways at REP surfaces.  
 
 
Figure 10. Solution Depletion of Lanthanum Phosphate [LaPO4] 
 
 Cerium phosphate results are shown in Figure 11, indicating SHA adsorbs quite strongly 
although SHA concentrations do not go to zero. Adsorption is consistent at all ranging pH values 
between 9-11, but is ever so slightly slower at pH 11. The fast kinetics could be attributed to the 
presence of Ce4+.  Results suggest surface precipitation occurs but could be after some 
chemisorption occurs. Sime (2018) showed through crystal lattice calculations that this was 
likely. 
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Figure 11. Solution Depletion of Cerium Phosphate [CePO4] 
 
Europium phosphate adsorption kinetics are initially fast and relatively pH-independent. 
Final concentrations do not go to zero and change very little. Results are therefore attributed to 
adsorption being mostly chemisorption. Like La-REP, SHA appears to desorb and is likely 
caused by surface carbonation.  Sime (2018) modeled SHA adsorption at Eu-REP and suggested 
it would be mostly chemisorption but, because a complete monolayer could not be established, 
surface precipitation likely occurred. 
 
 
Figure 12. Solution Depletion of Europium Phosphate [EuPO4] 
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SHA adsorption on dysprosium phosphate is also low and fast. Because it appears similar 
to that of La-REP and Ce-REP, it too is attributed to chemisorption. Like La-REP and Ce-REP, 
SHA appears to desorb and is also attributed to surface carbonation. Sime (2018) modeled SHA 
adsorption via crystal lattice constraints and found Dy-REP would yield the most chemisorbed 
SHA and therefore would likely form the least amount of surface precipitation. In this regard he 
predicted, La > Eu > Dy as determined here. La > Eu > Dy regarding the extent of chemisorption 
and La < Eu < Dy regarding the subsequent surface precipitation. Cerium is not included in this 
list because it appears to be an outlier due to Ce4+. 
 
 
Figure 13. Solution Depletion of Dysprosium Phosphate [DyPO4] 
 
4.1.2. Comparison to REOs and RECs 
In order to examine the effect of REM-type and therefore coordination number, the 
results for REPs must be compared to those obtained for REOs and RECs. The data from the 
studies done be Galt (2017) were reconstructed for the four REEs being explored: La, Ce, Eu and 
Dy shown in Figures 14-21. For lanthanum oxide, SHA concentrations go to zero in 
approximately 5 hours and is attributed to both chemisorption and surface precipitation. 
However, for lanthanum carbonate, adsorption is significantly lower and is likely due to 
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chemisorption only, much like lanthanum phosphate. There could be minor amounts of surface 
precipitation though. These results suggest that SHA adsorbs on La-REMs in the following 
order: REO > REP > REC. However, these results must be converted into adsorption densities 
before full conclusions can be drawn. Because adsorption density takes surface area into account 
all results will be normalized for easier comparisons. 
 
 
Figure 14.Solution Depletion Lanthanum Oxide/Hydroxide [La2O3/La(OH)3] 
 
 
 
 
Figure 15. Solution Depletion pf Lanthanum Carbonate [La2(CO3)3] 
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Ce-REM studies yielded similar results. SHA adsorption on the REO goes to completion 
within an hour and is also attributed to both chemisorption and surface precipitation. However, 
the faster kinetics compared to La-REO is attributed to the presence of CeO2 due to its REE 
being tetravalent compared to La-REO being trivalent. However, it is very clear that Ce-REC 
adsorbs SHA weakly and is possibly due to chemisorption only. Comparing the three Ce-REMs, 
the results suggest that SHA adsorbs on Ce-REMs in the same order as La-REMs: REO > REP > 
REC, giving way to a trend for LREEs. Modeling done by Sime (2018) predicted that surface 
precipitation predominates in LREOs while chemisorption predominates in LRECs. These 
results are also in agreement with the conclusions Galt (2017). 
 
 
Figure 16. Solution Depletion of Cerium Oxide/Hydroxide [Ce2O3/Ce(OH)3] 
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Figure 17. Solution Depletion of Cerium Carbonate [Ce2(CO3)3] 
 
Figure 18 and Figure 19 show the results obtained for SHA adsorption on Europium 
Oxide and Europium Carbonate. Eu-REO kinetics are initially fast and relatively pH-independent 
but, like Eu-REP in Figure 12, final concentrations do not go to zero. Results are attributed to 
adsorption being mostly chemisorption. Eu-REC results tend to go to zero concentration. In this 
case, SHA adsorption on Eu-REMs is different from Ce-REMs and La-REMs: REP > REC > 
REO. Again, this will be discussed further when the results are presented as adsorption densities. 
For Eu-REO and Eu-REC, the amount adsorbed at the surface is relatively the same; however, 
the kinetics are faster for the Eu-REC. 
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Figure 18. Solution Depletion of Europium Oxide/Hydroxide [Eu2O3/Eu(OH)3] 
 
 
 
 
Figure 19. Solution Depletion of Europium Carbonate [Eu2(CO3)3] 
 
 
Dysprosium oxide and dysprosium carbonate results are presented in Figure 20 and 
Figure 21. SHA adsorption on Dy-REO is low and appears similar to that on La-REC and Ce-
REC and is therefore attributed to chemisorption. SHA adsorption on Dy-REC is high and 
appears to be similar to that on La-REO and Ce-REO and is therefore attributed to chemisorption 
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and surface precipitation. As shown earlier in Figure 13, Dy-REP has a higher adsorption than 
Dy-REO but not as great as Dy-REC. These results suggest that SHA adsorbs on Dy-REMs in 
the following order: REC> REP> REO. This will be discussed further when they are presented 
as adsorption densities.  
 
 
Figure 20. Solution Depletion of Dysprosium Oxide/Hydroxide [Dy2O3/Dy(OH)3] 
 
 
 
 
Figure 21. Solution Depletion of Dysprosium Carbonate [Dy2(CO3)3] 
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4.2. Adsorption Density 
4.2.1. Rare Earth Phosphates (REPs) 
Adsorption density plots were constructed to show adsorption at REM surfaces in 
traditional units of mol/cm2. These graphs were normalized in respect to their starting 
concentrations to better compare amounts of SHA adsorbed on to the surface of each REM in 
relation to their phosphate, oxide and carbonate forms. As stated, surface areas were needed in 
order to calculate adsorption density. Table I shows the surface areas as determined by BET 
measurements. 
Table I. BET Surface Area 
 
 
 
 
 Using these BET values, the adsorption densities were calculated and plots in relation to 
time were determined to measure the degree of adsorption at REM surfaces. In the plots, the 
Langmuir Blodgett (LB) adsorption density and the theoretical adsorption density (TAD) values 
are included as previously calculated for SHA adsorption (Sime, 2018). LB refers to the packing 
of the SHA molecules, assuming face-centered cubic arrangement, such that the monolayer 
would concur with maximum adsorption density.  TAD also refers to monolayer adsorption but 
the SHA molecules are restricted to bonding with REE atoms at the REM surface and is 
therefore dependent not only on the lattice spacing between neighboring atoms but also on steric 
hindrance of the SHA molecules.  Consequently, TAD cannot exceed LB coverage and will 
therefore be at or below this amount.  It is important to note that the amounts shown are based on 
the SHA molecules orienting vertically as opposed to horizontally.  Thus, the vertically-oriented, 
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LB adsorption density will be a true maximum and the TAD will be a maximum constrained by 
the lattice parameters the SHA is adsorbing at.  Likewise, LB will be the same at all surfaces but 
TAD is surface dependent and will therefore change from REE as well as REM type and its 
selected lattice or plane.  If adsorption densities are determined to be less than TAD, adsorption 
is likely sub-monolayer and therefore attributable to chemisorption; likewise, if they are 
determined to be greater than LB, multilayer coverage and chemical precipitation are likely.  
 Figure 22 and Figure 23 show SHA adsorption density for La-REP and Ce-REP, 
respectively. Lanthanum phosphate shows the best adsorption at pH 11 but is clearly pH 
dependent dropping to monolayer numbers at lower pH, while cerium phosphate has relatively 
the same adsorption at all pH values. Desorption is observed for La-REP and appears to be due 
to surface carbonation which tends to decrease as pH increases. Honaker et al. (2017) examined 
octyl hydroxamate (OHA) adsorption at bastnaesite surfaces and found that it chemisorbed at 
low pH near 8 and surface precipitated at higher pH up to 11. 
 
  
 
Figure 22.Adsorption Density of Lanthanum Phosphate [LaPO4] 
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Figure 23. Adsorption Density of Cerium Phosphate [CePO4] 
 
 
 Based on the relative adsorption densities compared to LB as well as TAD, this appears 
to occur for SHA adsorbing on La-REP.  Only at pH 11 are adsorption densities greater than LB 
so surface precipitation would be expected.  Sime (2018) used crystalline lattice modeling and 
confirmed these results. Results obtained for SHA adsorbing on Ce-REP may only be 
chemisorption but, as noted before, can be attributed to Ce+4.  In this case, it could be concluded 
that the chemisorbed monolayer passivates the surface and thereby prevents or at least minimizes 
solubilization and therefore surface precipitation as well.  Sime (2018) suggested this behavior 
could occur. 
 The adsorption of MREPs is shown in Figure 24 and 25 for europium phosphate and 
dysprosium phosphate, respectively. Europium phosphate and dysprosium phosphate both have 
greater adsorption than both lanthanum and cerium phosphate. Dysprosium phosphate shows the 
best adsorption of the four phosphates explored. The MREPs therefore exhibit better adsorption 
when compared to LREPs with the order in decreasing adsorption as Dy > Eu > Ce > La. This is 
slightly different than interpretations from the solution depletion results in Figures 18-21 and 
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explains why the results need to be normalized per BET surface areas.  Because Dy-REP yields 
adsorption densities significantly greater than LB, it can be attributed to surface precipitation. 
Likewise, for Eu-REP, the same occurs at the higher pHs but, at the lower pH of 9, it could be 
attributed solely to chemisorption. 
 
 
 
Figure 24. Adsorption Density of Europium Phosphate [EuPO4] 
 
 
 
 
Figure 25. Adsorption Density of Dysprosium Phosphate [DyPO4] 
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4.2.2. Comparison to REOs and RECs 
 Converting the plots of SHA adsorption kinetics for REOs and RECs to adsorption 
density allows their direct comparison to REPs. As illustrated in Figure 26 and Figure 27 and 
compared to Figure 22, the La-REMs show adsorption decreases in order of REO > REP > REC. 
La-REO clearly has the most and is likely due to surface precipitation.  La-REP and La-REC are 
similar and may have slight amounts of surface precipitation. This similarity can be attributed to 
their ionic diameter being only 0.1 Å apart. This is illustrated and discussed later. 
 
 
Figure 26. Adsorption Density of Lanthanum Oxide/Hydroxide [La2O3/La(OH)3] 
 
 
 
Figure 27. Adsorption Density of Lanthanum Carbonate [La2(CO3)3] 
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 Similarly, Figures 28 and 29 for Ce-REO and Ce-REC are compared to Figure 23 for Ce-
REP. Cerium oxide and phosphate have similar adsorption; however, cerium oxide exhibits 
slightly more adsorption. Cerium carbonate has relatively weak adsorption. SHA adsorption at 
Ce-REMs therefore follows the trend of REO > REP > REC. This trend appears to be the same 
as for La-REMs; however, the differences between REO and REP is minimal with Ce-REMs.  
Clearly, adsorption does not exceed LB and, in some cases, TAD suggesting that only 
chemisorption occurs on all Ce-REMs.   
 
 
Figure 28. Adsorption Density of Cerium Oxide/Hydroxide [Ce2O3/Ce(OH)3] 
 
 
 
Figure 29. Adsorption Density of Cerium Carbonate [Ce2(CO3)3] 
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To compare Eu-REMs, Figures 30 and 31 for Eu-REO and Eu-REC are contrasted with 
Eu-REP in Figure 24. In this case, it is clear Eu-REP yielded the highest adsorption density due 
to surface precipitation and that Eu-REC and Eu-REO are similar so both are likely attributed to 
chemisorption.  In this regard, it is concluded that SHA adsorption follows the trend: REP > 
REO = REC. 
 
 
 
Figure 30. Adsorption Density of Europium Oxide/Hydroxide [Eu2O3/Eu(OH)3] 
 
 
 
 
Figure 31. Adsorption Density of Europium Carbonate [Eu2(CO3)3] 
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Finally, with Dy-REMs, Dy-REO in Figure 32 and Dy-REC in Figure 33 are compared to 
Dy-REP in Figure 25. As with Eu-REMs, Dy-REP has the greatest adsorption and respective 
REOs and RECs have the lowest. All exceed LB and therefore canbe attributed to surface 
precipitation.  Because Dy-REC has uniform adsorption at all pH values, it may have stronger 
adsorption than Dy-REO. However, the final adsorption densities were relatively similar. 
Consequently, the trend is considered to be the same as for Eu-REMs: REP > REO = REC.  
 
 
Figure 32. Adsorption Density of Dysprosium Oxide/Hydroxide [Dy2O3/Dy(OH)3] 
 
 
 
Figure 33. Adsorption Density of Dysprosium Carbonate [Dy2(CO3)3] 
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 Interestingly, all of the trends previously observed can lead to broad predictions. In this 
regard, SHA adsorption is best for MREPs and decreases for LREPs. SHA adsorption is best for 
LREOs and decreases for MREOs. SHA adsorption is poor on LRECs but increases for MRECs. 
Although it is unfortunate that HREMs could not be tested in this study, SHA adsorption at their 
surfaces can be predicted according to the following trends: 
  LREEs: REOs > REPs > RECs 
  MREEs: REOs < REPs > RECs 
  HREEs: REOs < REPs < RECs 
Clearly, SHA is predicted to adsorb best on HRECs but weakest on HREOs. 
4.2.3. Summary 
All of these results, including those of Galt (2017) and Sime (2018), can be summarized 
in Table II, where each of the lanthanides are listed as a function of REM type and their 
corresponding coordination number. This defines the REE ionic diameter and, in turn, illustrates 
lanthanide contraction. To illustrate the importance of this table, La, as an oxide, has a 
coordination number of 7 and an ionic diameter of 2.46 Å. However, when it is a phosphate, its 
coordination number increases to 9 and its ionic diameter to 2.70 Å. Likewise, when it is a 
carbonate, these values increase to 10 and 2.80 Å, respectively. By comparison, as the atomic 
mass of the lanthanide increases, lanthanide contraction occurs and the coordination number can 
decrease causing the ionic diameter to decrease even more. As an example, in the transition from 
Gd to Tb, the corresponding REOs change coordination number from 7 to 6 and ionic diameters 
from 2.30 Å to 2.13 Å. Similarly, the corresponding REPs change coordination number from 9 to 
8 and ionic diameters from 2.49 Å to 2.36 Å. Because their corresponding RECs have the same 
coordination number of 10, their ionic diameters change minimally from 2.62 Å to 2.58 Å only 
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due to lanthanide contraction. The consequence of this is best realized when the size of the SHA 
collector molecule is considered. As shown earlier in Figure 5, the coordinating atoms in SHA 
are separated by 2.42 Å. REE atoms near this size are therefore expected to adsorb SHA the 
strongest and those significantly larger or smaller should adsorb SHA the weakest. In this regard, 
the falling trends for SHA adsorption would be predicted: 
  LREOs > MREOs > HREOs 
  LREPs < MREPs > HREPs 
  LRECs < MRECs < HRECs 
where the first five lanthanides (La to Pm) are referred to as light rare earth elements (LREEs), 
the next five (Sm to Dy) are referred to as middle rare earth elements (MREEs), and the last five 
(Ho to Lu) are referred to as heavy rare earth elements (HREEs). Consequently, the REMs 
highlighted in green would be expected to absorb SHA the strongest and those in red would be 
expected to absorb SHA the weakest. Yellow highlights would be between. 
 
 
Table II. Ionic Diameter and Coordination Number Relation 
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It is understood that high adsorption corresponds to optimal flotation. Hence, REM 
flotation is predicted to be best for those highlighted in green (see Figure 34), moderate for those 
in yellow, and poor for those in red. It is the latter that will cause recovery to suffer. Hence, it 
may be best to use a collector that will float these REMs (i.e., HREOs and LRECs) in 
conjunction with SHA. Furthermore, ores can vary with REM type and REMs can vary with 
REE content due to nonstoichiometry. SHA flotation recovery and resulting concentrate grade 
could both be negatively impacted, particularly if LRECs and HREOs are present. Even LREPs, 
MREOs, MRECs and HREPs, as shown in yellow, could decrease with metallurgical 
performance as well. This detriment likely occurs with other REE flotation systems as well and 
also suggest the need for using dual collectors at the minimum. 
 
 
 
Figure 34. Lanthanide Contraction Correlation on Highest SHA Adsorption 
 
 
4.3. Synthesizing Dysprosium Phosphate 
Synthesizing dysprosium phosphate became necessary to better establish a correlation 
with REOs and RECs when it proved to be unavailable for purchase. Following its synthesis, the 
Dy-REP was characterized by XRD. Results shown in Figure 35 mimic peak characteristics of 
both Dy phosphate and Y phosphate. Because 99.9% pure Dy2O3 was used in synthesis, there is 
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no way yttrium could be present in the sample, particularly in the amounts determined and 
shown in Figure 36. It is therefore reasonable to conclude Dy phosphate was successfully 
synthesized. Yttrium, even though it has a low atomic number, behaves like a HREE but it is not 
an actual lanthanide. These results are attributed to dysprosium and yttrium exhibiting similar 
characteristics. 
 
 
 
Figure 35. XRD Peaks of Synthasized Dysprosium Phosphate Sample 
 
 
 
 
Figure 36. Relation to Dysprosium Phosphate [DyPO4] 
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4.4 Synthesizing Rare Earth Silicates 
Synthesizing of a RES was deemed necessary when wanting to explore all realms of 
REMs. Cerium silicate was attempted to be synthesized with cerium chloride powder from Alfa 
Aesar with purity levels of 99.9% and reagent grade sodium silicate. A 500 mL Erlenmeyer flask 
was used on a stir plate in the first step of the process. 100-mL of distilled water was placed in 
the flask while stirring. Next, 2 grams of cerium chloride was weighed out and placed in the 
Erlenmeyer slowly, to avoid agglomeration. 300-mL of sodium silicate was added next. Stirring 
the solution until the cerium chloride fully dissolved in solution. A round bottom flask and a 
heating mantle were then used to heat the solution along with a condenser. Heating of the system 
occurred for two hours forming a sludge like substance. The sample was placed in an oven to dry 
the remnants.  
The next step was to run analytical tests on the sample to confirm or deny the presence of 
cerium silicate. First, a sample was ground and examined by XRD. The sample analysis came 
back amorphous and therefore could not be analyzed. Next, the sample was examined by SEM. 
These results confirmed that the sample was not cerium silicate and had both sodium and 
chloride present.  Because of impurities, it was deemed unacceptable for use as a RES. The study 
of RESs would be beneficial to these studies because, as stated earlier, REMs come in the form 
of REO, REC, REP and RES.  It would be nice to include RES results in Table II. 
 
4.5 StabCal Speciation Diagrams 
4.5.1 REPs compared to REOs and RECs 
Solubility diagrams were constructed for the four REEs being studied in their phosphate, 
carbonate and oxide forms. Lanthanum phosphate solubility diagram is seen in Figure 37. The 
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stable solid species are shaded and illustrate LaPO4:10H2O is solely stable from pH 1 to just over 
pH 12; however, at higher pH, it becomes co-stable with La(OH)3.  As illustrated, LaPO4:10H2O 
shows a minimum solubility of approximately 1x10-10 M near pH 9.  In the presence of 
phosphate, La-REO is not stable below approximately pH 12. 
La-REO and La-REC solubility plots are illustrated in Figure 38.  In comparison, La-
REO has a stable solid of La(OH)3 above pH 8 and with a minimum solubility of approximately 
5x10-8 M at pH 11, slightly higher than its REP form. The REC solid La2(CO3)3: 8H2O is solely 
stable between pH 5-8 and co-stable with La(OH)3 between pH 8-11. Only La(OH)3 is stable at 
higher pH. La2(CO3)3: 8H2O has a much higher solubility of approximately 5x10-4 M. La-REC 
behavior is much like La-REP except it is not stable below pH 5. 
 
 
 
 
Figure 37. Solubility Plot of Lanthanum Phosphate 
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Figure 38. Solubility Plots of Lanthanum Oxide (left) and Lanthanum Carbonate (right) 
 
 
Ce-REP solubility is shown in Figure 39. Because Figures 37 and 39 are similar, Ce-REP 
behavior is similar to La-REP. The stable solid species for Ce-REP is CePO4:10H2O with a 
minimum solubility of 1x10-10 M at a pH of 8. As with the La-REP, the solid species is stable as 
low as a pH of 1. Ce-REP is co-stable with Ce-REO at high pH between 13-14. Ce-REO is not 
stable below ~pH 13. 
 
 
 
Figure 39. Solubility Plot of Cerium Phosphate 
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Illustrated in Figure 40 are the solubility diagrams for Ce-REO and Ce-REC.  For Ce-
REO, results indicate the stable solid to be Ce(OH)3 with a minimum solubility of 
approximately 1x10-6 M at a pH close to 11. In comparison, the solid REO species is only 
stable as low as a pH of 8, much higher than its REP.  For Ce-REC, results indicate the stable 
solid to be Ce2(CO3)3:8H2O with a higher solubility of 5x10-4 M as low as pH 5. The Ce-REC 
is also co-stable with Ce-REO at higher pH levels. Clearly, La-REM and Ce-REM exhibit the 
same overall behavior. 
  
 
Figure 40. Solubility Plots of Cerium Oxide (left) and Cerium Carbonate (right) 
 
Eu-REMs are illustrated in Figures 41 and 42. The Eu-REP stable solid is shown to be 
EuPO4:10H2O with a minimum solubility of almost 1x10-10 M at a pH of 8 but exhibiting 
stability between pH 1-9. The Eu-REP also shows co-stability with Eu-REO at high pH ranging 
between 9-12. Above this pH, only Eu(OH)3 is stable. Figure 42 shows the stable Eu-REO is 
Eu(OH)3  and stable Eu-REC is Eu2(CO3)3:3H2O, respectively. Eu(OH)3 is stable above pH 7 and 
has a minimum solubility of 1x10-10 M near pH 9.but with a slightly higher pH of 9. 
Eu2(CO3)3:3H2O is stable above pH 5 and has a minimum solubility of 5x10-4 M. Unlike 
corresponding La and Ce diagrams, a third solid becomes stable: EuOHCO3. It is co-stable with 
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the main Eu-REC near pH 6 and Eu-REO between pH 7-10. Eu(OH)3 is stable above pH 10. 
Otherwise, the Eu-REMs behave the same as La and Ce REMs. 
 
 
Figure 41. Solubility Plot of Europium Phosphate 
 
  
 
Figure 42. Solubility Plots of Europium Oxide (left) and Europium Carbonate (right)  
 
 
Finally, Dy-REMs are illustrated in Figures 43 and 44. The stable Dy-REP is shown to be 
DyPO4:10H2O with a minimum solubility of approximately 1x10-10 M at a pH of 8. Like the 
three previous REPs examined, the stability region falls as low as a pH of 1. Likewise, co-
stability with its REO occurs approximetly between pH 10-12. Above this range, Dy(OH)3 is the 
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only stable solid.  The Dy-REO and Dy-REC solubility diagrams are illustrated in Figure 44. The 
stable solid for the REO is Dy(OH)3 with a higher minimum solubility than its REP with 1x10-8 
M and a slightly higher pH of 9. The Dy-REC stable solid is Dy2(CO3)3 with an extremely high 
minimum solubility of 5x10-3 M. This Dy-REC is co-stable with Dy-REO ranging from a pH of 
6.5-8.5. At higher pH, only Dy(OH)3 is stable. Again, Dy-REMs have similar characteristics as 
REMs of La, Ce and Eu. 
 
 
Figure 43. Solubility Plot of Dysprosium Phosphate  
 
 
  
 
Figure 44. Solubility Plots of Dysprosium Oxide (left) and Dysprosium Carbonate (right)  
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4.5.2 REPs compared to REOs and RECs with SHA 
Solubility plots of the four REEs, lanthanum, cerium, europium and dysprosium, were 
calculated in their REP, REO and REC forms in the presence of SHA. These graphs help predict 
where the REMs and SHA interact. All solubility graphs have a presence of 5x10-4 M SHA and 
are represented as “Ob” in the following figures due to constraints of using StabCal. 
Solubility diagrams for La-REMs in the presence of 5x10-4 M SHA are shown in Figure 
45 and Figure 46. Differences with corresponding diagrams without SHA suggest conditions 
where SHA interacts with La3+ and therefore where La-REM flotation would be expected. Thus, 
the conditions show where LaSHA2+, La(SHA)2+ and La(SHA)3 (aq) are stable in solution 
indicating the conditions for flotation. A comparison to Figure 37 without SHA shows a “dent” 
in the stable solid LaPO4:10H2O. In this regard, SHA interacts with the La-REP forming 
LaSHA2+ between pH 6-7, La(SHA)2+ between pH 7-8, and La(SHA)3 (aq) between pH 8-14. 
Similar analysis can be drawn by comparing Figures 38 and 46 for La-REO and La-REC in the 
absence and presence of SHA, respectively. Thus, La-REM flotation with SHA would be 
expected between pH 6-14 as long as the REM is stable. Furthermore, as Galt (2017) concluded, 
because surface species mimic solution species, LaSHA2+ would mimic chemisorption and be 
responsible for flotation at low pH conditions and La(SHA)3 aq would mimic surface 
precipitation and be responsible at higher pH conditions.  
Therefore, in broad terms, because the two SHA complexes are present throughout the 
remaining REM solubility graphs containing SHA, as seen with the La-REMs, chemisorption 
represented as LaOb2+ is predominant around pH 8-9, 6-9, and 6-9 for REO, REP, and REC, 
respectively. Surface precipitation represented as La(Ob)3 (aq) is predominating at higher pH 
levels above 9 for all La-Rems.  
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Figure 45. Solubility Curves of Lanthanum Phosphate with SHA 
 
 
  
 
Figure 46. Solubility Curves of Lanthanum Oxide (left) and Lanthanum (right) Carbonate with SHA 
 
 
 Solubility diagrams for Ce-REMs in the presence of 5x10-4 M SHA are shown in Figure 
47 and Figure 48. Differences with corresponding diagrams without SHA in Figures 39 and 40 
suggest conditions where SHA interacts with Ce3+ and therefore where Ce-REM flotation would 
be expected. Results show that the stability region for Ce(OH)3 is markedly different, essentially 
revealing that the solubility increased to approximately 5x10-5 M due to the presence of SHA. 
This is directly attributed to the appearance in solution of CeSHA2+ which predominates with the 
REO between pH 7.5-8.5, Ce(SHA)2+ which predominates with the REO between pH 8.5-9, and 
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Ce(SHA)3 (aq) which predominates with the REO between pH 9-13.5. Similar conclusions 
would also be made for cerium carbonate and phosphate respectively. Hence, SHA 
chemisorption, as represented by CeSHA2+ in solution, is likely to predominate on the REO, 
REC and REP under essentially the same conditions as respective La-REMs from pH 8-9, pH 6-
9 and pH 6-9 for REO, REP and REC, respectively. Likewise, SHA surface precipitation, as 
represented by Ce(SHA)3 (aq) in solution, is likely to predominate on the REO, REC and REP 
above pH 9 as well. 
 
 
Figure 47. Solubility Curves of Cerium Phosphate with SHA 
 
  
 
Figure 48. Solubility Curves of Cerium Oxide (left) and Cerium Carbonate (right) with SHA 
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Solubility diagrams for Eu-REMs in the presence of 5x10-4 M SHA are shown in Figures 
49 and 50. Differences with corresponding diagrams without SHA in Figures 41 and 42 suggest 
conditions where SHA interacts with Eu3+ and therefore where Eu-REM flotation would be 
expected. Chemisorption represented as EuOb2+ is predominant around pH 8-9, 6-9, and 6-9 for 
REO, REP and REC, respectively. Surface precipitation represented as Eu(Ob)3 (aq) 
predominates at higher levels above pH 9 for all Eu-REMs. In essence, these conditions are the 
same as those observed for La and Ce REMs. 
 
 
Figure 49. Solubility Curves of Europium Phosphate with SHA 
 
  
 
Figure 50. Solubility Curves of Europium Oxide (left) and Europium Carbonate (right) with SHA 
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Finally, solubility diagrams for Dy-REMs in the presence of 5x10-4 M SHA are shown in 
Figures 51 and 52. Differences with corresponding diagrams without SHA in Figures 43 and 44 
suggest conditions where SHA interacts with Dy3+ and therefore where Dy-REM flotation would 
be expected. Chemisorption represented as DyOb2+  is predominant around pH 8-9, 6-9 and 6-9 
for REO, REP and REC, respectively. Surface precipitation represented as Dy(Ob)3 (aq) 
predominates at higher levels above pH 9 for all Dy-REMs. 
 
 
Figure 51. Solubility Curves of Dysprosium Phosphate with SHA 
 
  
 
Figure 52. Solubility Curves of Dysprosium Oxide (left) and Dysprosium Carbonate (right) with SHA 
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Because it is understood that surface species mimic solution species, it is believed that 
RESHA2+ is indicative of chemisorbed SHA and would therefore predominate at lower pH; 
likewise, RE(SHA)3 (aq) would represent surface precipitated SHA which would predominate at 
higher pH. Zhang and Honaker (2017) showed this behavior occurred with octyl hydroxamate 
adsorption on bastnaesite. For SHA to adsorb by these two mechanisms, SHA must ion exchange 
at each REM surface to convert RE(OH)3, RE2(CO3)3 and REPO4 to either chemisorbed or 
surface-precipitated SHA. It is also important to note that both mechanisms might cause 
significant amounts of crystalline water (H2O) to desorb, particularly from corresponding REC 
and REP minerals, and thus allow for huge entropic contributions to help drive the mechanisms 
(Young and Miller, 1994).   
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5. Conclusions 
SHA adsorption was examined on a suite of REEs using pure chemical powders as 
REMs. Results were found to vary with coordination number as determined by REM type (REO, 
REP and REC), lanthanide contraction (REE3+ ionic diameter), and chemistry (both surface and 
solution). Ionic diameter, as it relates to the SHA head group size and its chelating property, 
appears to be the overriding factor. Optimal adsorption is seen with LREOs and MREPs but 
should also occur with HRECs. Adsorption appears to be an ion exchange process that follows 
two mechanisms with chemisorption being favored at lower pH conditions and surface 
precipitation being favored at higher pH conditions.  
As the atomic mass of the lanthanide increases, lanthanide contraction occurs and the 
coordination number can decrease causing the ionic diameter to decrease even more. The 
consequence of this is best realized when the size of the chelation bond of the SHA collector 
molecule of 2.42 Å is considered.  REE atoms near this size are therefore expected to adsorb 
SHA the strongest and those significantly larger or smaller should adsorb SHA the weakest. The 
trend being: 
  LREOs > MREOs > HREOs 
  LREPs < MREPs > HREPs 
  LRECs < MRECs < HRECs  
And also: 
  LREEs: REOs > REPs > RECs 
  MREEs: REOs < REPs > RECs 
  HREEs: REOs < REPs < RECs 
Sime (2018) confirmed these results using LB and TAD adsorption density calculations. 
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 It is understood that high adsorption corresponds to optimal flotation. Ores can vary with 
REM type and REMs can vary with REE content due to nonstoichiometry. SHA flotation 
recovery and resulting concentrate grade could both be negatively impacted, particularly if 
LRECs and HREOs are present. Even LREPs, MREOs, MRECs and HREPs could decrease with 
metallurgical performance as well. This detriment likely occurs with other REE flotation systems 
as well and also suggest the need for using dual collectors. 
 Because it is understood that surface species mimic solution species, it is believed that 
RESHA2+ is indicative of chemisorbed SHA and would therefore predominate at lower pH; 
likewise, RE(SHA)3 (aq) would represent surface precipitated SHA which would predominate at 
higher pH. For SHA to adsorb by these two mechanisms, SHA must ion exchange at each REM 
surface to convert RE(OH)3, RE2(CO3)3 and REPO4 to either chemisorbed or surface-precipitated 
SHA. 
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6. Recommendations and Future Work 
Based on this study, the following recommendations are made: 
• Synthesize RESs and determine their coordination number; 
• Find real minerals containing RESs; 
• Examine monazite, bastnaesite, and other common minerals; 
• Examine other collectors particularly in dual systems; and 
• Consider making novel collectors with MRT. 
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Appendix A: Data 
Lanthanum 
 
Table III. La-REC Raw Data 
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Table IV. La-REO Raw Data 
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Table V. La-REP Raw Data 
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Cerium 
Table VI. Ce-REC Raw Data 
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Table VII. Ce-REO Raw Data 
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Table VIII. Ce-REP Raw Data 
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Europium 
 
Table IX. Eu-REC Raw Data 
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Table X. Eu-REO Raw Data 
 
 
 
 
 
71 
 
Table XI Eu-REP Raw Data 
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Dysprosium 
Table XII. Dy-REC Raw Data 
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Table XIII. Dy-REO Raw Data 
 
 
 
 
 
74 
Table XIV. Dy-REP Raw Data 
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Appendix B: StabCal Thermodynamic Data 
 
Species ∆G (kcal) logK
H + A 0 --
Ob - A 0 --
La 3+ A -163.408 --
Ce 3+ A -160.612 --
Pr 3+ A -162.309 --
Nd 3+ A -160.516 --
Tb 3+ A -155.808 --
Tm 3+ A -158.222 --
Y 3+ A -165.822 --
HOb 0 A -15.231 10.95
H2Ob + A -26.296 19.06
LaOb 2+ A -177.643 9.79
LaOb2 + A -190.275 18.62
LaOb3 0 A -201.537 26.66
CeOb 2+ A -175.324 10.14
CeOb2 + A -188.311 19.23
CeOb3 0 A -200.146 27.69
PrOb 2+ A -177.485 10.98
PrOb2 + A -191.032 19.98
PrOb3 0 A -203.671 29.03
NdOb 2+ A -176.333 10.95
NdOb2 + A -190.698 21.05
NdOb3 0 A -203.706 30.37
EuOb 2+ A -153.340 11.18
EuOb 2 + A -167.968 21.47
EuOb3 0 A -181.467 31.15
TbOb 2+ A -172.362 11.49
TbOb2 + A -187.409 22.09
TbOb3 0 A -201.372 32.11
DyOb 2+ A -175.875 11.77
DyOb2 + A -191.345 22.68
DyOb3 0 A -205.758 33.03
TmOb 2+ A -175.472 12.00
TmOb2 + A -191.133 23.05
TmOb3 0 A -205.505 33.37
YOb 2+ A -181.803 11.07
YOb2 + A -196.304 21.27
YOb3 0 A -209.490 30.32

